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The  results  of  a  19-month  gear  fatigue  research  program  on  roll-formed  gears 
are  presented  herein.  The  purpose  of  this  research  effort  was  to  evaluate 
the  fatigue  strengths  of  spur  gears  produced  by  two  representative  roll- 
forming  processes  in  comparison  with  those  manufactured  by  conventional 
forging  methods. 

The  two  forming  processes  tested  included  roll-forming,  wherein  continuous 
spline-like  teeth  are  rolled  on  a  long  solid  bar  which  is  subsequently 
sliced  up  into  individual  gear  blanks  and  a  roll-generating  process,  in 
which  individual  blanks  are  prehobbed  and  then  rolled  to  finished  blank  size. 
Both  forming  methods  produced  gear  blanks  which  were  within  0.007  inch  of 
finished  gear  size. 

On  the  basis  of  both  single-tooth  and  dynamic  fatigue  tests  conducted  on  a 
limited  number  of  test  specimens,  the  roll- formed  gears  exhibited  fatigue 
strengths  which  are  essentially  equal  to  the  fatigue  strength  of  gears  pro¬ 
duced  by  conventional  pancake-type  forging. 


FOREWORD 


This  report  covers  a  comparative  evaluation  of  spur  gears  manufactured  from 
conventional  forgings  and  gear  blanks  produced  by  two  representative  roll¬ 
forming  techniques.  The  roll-forming  processes  tested  included  a 
roll-forming  technique  and  a  roll-generating  method.  The  evaluation  encom¬ 
passed  both  single-tooth  testing  and  dynamic  testing  at  approximately  10,000 
rpm.  The  program  was  conducted  during  the  19-month  period  from  April  IT, 
1970  to  November  17,  1971  for  the  Eustis  Directorate,  U.3.  Army  Air  Mobility 
Research  and  Development  Laboratory  (USAAMRDL),  Fort  Eustis,  Virginia,  under 
Contract  DAAJOP-TO-C-OOS** ,  Task  lGl62203DlMll*. 

USAAMRDL  technical  direction  was  provided  by  Mr.  Leonard  M.  Bartone  and  Mr. 
James  Gomes  of  the  Propulsion  Division. 

The  program  was  conducted  at  Sikorsky  Aircraft,  Stratford,  Connecticut, 
under  the  technical  supervision  of  Mr.  Lester  R.  Burroughs,  Supervisor, 
Transmission  Design  and  Development  Section.  Principal  investigators  for 
the  program  were  Mr.  S.  Schuman  of  the  Transmission  Design  and  Development 
Section  and  Mr.  J.  Lucas  and  Mr.  J.  Bucci  of  the  Materials  Section. 
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INTRODUCTION 


The  most  readily  observable  advances  in  gear  technology  in  recent  years  have 
been  in  the  area  of  gear  forging  and  manufacturing  techniques.  One  such  ad¬ 
vance,  reported  by  Sikorsky  Aircraft  in  Reference  1  and  by  Western  Gear 
Corporation  in  Reference  2,  is  the  radial -extrusion  forging  of  gears  using 
high-energy  forging  processes  which  produce  gear  blanks  with  integrally 
forged  teeth.  In  addition  to  lower  material  and  manufacturing  costs,  higher 
fatigue  strengths  are  realized  from  better  control  of  grain  size  and  orien¬ 
tation  (grain  flow).  For  example,  in  the  program  of  Reference  1,  increases 
in  single-tooth  bending  endurance  limits  in  the  order  of  2^  to  1»1*  percent 
were  found  when  comparing  integrally  forged  teeth  with  those  produced  by 
conventional  means. 

Another  variation  in  gear  manufacturing  techniques  which  also  has  the  poten¬ 
tial  of  increasing  gear  tooth  fatigue  strengths  is  that  of  roll-forming, 
wherein  integral  teeth  are  produced  on  a  long  bar  or  on  individual  gear 
blanks  by  cold  rolling.  Principal  differences  in  tne  various  methods  used 
to  roll-form  gear  blanks  lie  in  the  amount  of  material  displaced  during  the 
rolling  process.  In  one  such  process,  the  teeth  are  rolled  on  a  bar  from 
the  solid;  whereas  in  another,  gear  blanks  are  pregashed  or  prehobbed  before 
rolling  to  finished  blank  size. 

This  report  presents  the  results  of  a  two-phase  test  program  conducted  by 
Sikorsky  Aircraft  to  evaluate  the  comparative  fatigue  strengtns  of  gears 
produced  by  two  representative  roll-forming  processes  and  gears  fabricated 
by  the  conventional  means.  The  test  program  covers  both  single-tooth  static 
and  fatigue  testing,  and  also  includes  dynamic  testing  at  approximately 
10,000  rpm. 
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DISCUSSION 


The  goal  of  this  program  was  to  evaluate,  by  test,  the  comparative  fatigue 
strengths  of  spur  gears  produced  by  two  representative  roll-forming  pro¬ 
cesses  and  by  a  conventional  pancake-type  forging.  The  test  program 
encompasses  both  a  single-tooth  test  phase  and  a  dynamic  test  phase,  and 
therefore,  a  sufficient  quantity  of  raw  material  was  purchased  initially  to 
supply  gear  blanks  for  both  test  phases. 

raw  material 


The  material  selected  was  AMS  62C.5 »  an  A13I  9310  vacuum-melt  carburizing 
steel  used  extensively  throughout  the  aircraft  industry  for  power  and  acces¬ 
sory  gearing.  A  sufficient  amount  of  5-inch-diameter  bar  stock  for  both  the 
single-tooth  and  dynamic  test  programs  was  received  from  the  supplier  with 
proper  documentation  to  certify  that  all  bars  were  from  the  same  heat.  The 
material  was  inspected  for  conformity  to  AMS  6?65  specifications,  and  a  suf¬ 
ficient  quantity  was  shipped  to  each  gear  blank  and  forging  manufacturer  for 
processing. 

GEAR  BLANK  DESIGN 


To  reduce  the  number  of  machining  operations  from  initial  rolling  of  the 
gear  blanks  to  final  grinding  of  the  finished  test  $ears ,  and  to  assure  that 
a  maximum  of  the  beneficial  grain  flow  remained  after  machining,  the  gear 
blanks  were  designed  so  that  a  minimum  of  stock  removal  was  required  to  pro¬ 
duce  the  finished  gear.  As  a  result,  the  rolled  gear  blanks  were  produced 
with  a  tooth  profile  that  was  within  0.007  inch  minimum  of  the  finished 
tooth  size  specified  in  Figures  1  and  2. 

PANCAKE  FORGINGS 


To  produce  each  pancake  forging,  the  5-inch-diameter  bar  furnished  to  the 
forging  manufacturer  was  first  machined  to  a  slug  2  inches  in  diameter  by 
k.500  inches  in  length.  The  forgings  were  then  formed  by  a  steam  hammer  in 
severed  successive  blows  at  an  initial  temperature  of  2200°F.  After  form¬ 
ing,  the  forgings  were  process  annealed  at  1200°F  for  one  hour  and  then 
air-cooled,  producing  a  Brinell  hardness  of  197.  A  typical  forging  blank 
pro  luced  by  this  method  is  shown  in  Figure  3. 

ROLL-FORMED  GEAR  BLANKS 

In  this  method  of  roll- forming,  continuous  spline-like  gear  teeth  were 
formed  on  a  long  solid  bar,  the  diameter  of  which  conformed  approximately 
to  the  pitch  diameter  of  the  gear  blank.  The  rolling  effort  was  provided  by 
two  pairs  of  opposing  rollers,  mounted  in  a  planetary  arrangement,  which 
penetrated  the  bar  for  a  short  part  of  their  cycle  as  the  roller  carrier  ro¬ 
tated,  forming  an  increment  of  a  longitudinal  groove  into  the  bar.  The 
rollers  then  left  the  bar  for  the  rest  of  the  cycle,  during  which  time  the 
bar  was  indexed.  A  new  roller  contact  was  then  made,  forming  an  increment 


2 


ol'  un  adjacent  groove.  Tie  bar  was  continuously  longitudinally  advanced. 

Hi  nee  the  teeth  arc  not  generated  in  this  method,  the  roller  shape  conformed 
exactly  to  the  gear  space  shape  in  the  finished  gear  blank.  The  bar  stock 
was  rolled  by  guiding  the  outside  diameter  of  the  bar  in  bushings  and  pass¬ 
ing  the  entire  length  of  the  bar  through  the  machine.  The  synchronization 
and  indexing  were  such  that  all  of  the  teeth  were  formed  in  one  lengthwise 
pass  of  the  bar.  Individual  gear  blanks  were  produced  by  sawing  off  gears 
from  the  roll-formed  bar.  The  finished  gear  blank  produced  by  this  method 
is  shown  in  Figure  U. 

ROLL- GENERATED  GEAR  BLANKS 


This  roll-forming  process  we  have  termed  the  roll-generating  method  to  dis¬ 
tinguish  it  from  the  roll-forming  method  described  above.  Individual  gear 
blanks  were  machined  from  the  raw  material  and  prehobbed  to  within  approxi¬ 
mately  0.005  inch  of  the  finished  blank  dimensions.  The  prehobbed  gear 
blank  was  then  positioned  between  opposing  circular  dies  having  teeth  with 
the  same  pitch  as  the  finished  blank.  As  the  dies  were  set  in  under  radial 
pressure  and  rotated  in  synchronization  with  the  work  piece,  teeth  were 
roll-formed  on  the  gear  blank  to  the  required  blank  dimensions.  This  action 
is  a  generating  action;  therefore,  the  dies  could  have  been  any  convenient 
diameter  as  long  as  they  had  the  same  pitch  as  the  finished  blank.  The 
finished  gear  blank  produced  by  the  process  is  shown  in  Figure  5. 
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NO  OF  TEETH 
DIAMETRAL  PITCH 
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UNLESS  OTHERWISE  INDICATED 


Figure  It.  Roll-Formed  Gear  Blank. 


Figure  5 •  Roll-Generated  Gear  Blank. 
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GEAR  MANUFACTURE 


DISCUSSION 


The  procedure  that  was  followed  throughout  the  test  program,  and  particu¬ 
larly  during  the  gear  manufacturing  processes,  was  such  as  to  minimize  or 
eliminate  many  of  the  variables  which  could  have  lead  to  experimental  error 
during  testing.  Consequently,  the  gears  were  machined  and  ground  in  a  com- 
pxetely  random  order  to  minimize  the  effect  of  such  variables  as  machine 
drift,  tool  wear,  and  machine  operator.  All  gears  were  manufactured  at  the 
same  manufacturing  facility  to  assure  common  heat-treating  and  machining 
practices.  A  gear  processing  program.  Table  I,  was  supplied  to  the  gear 
shop  to  control  the  manufacturing  sequence  and  randomization  of  the  gear 
blanks .  Finished  gear  tolerances  were  in  accordance  with  the  AGMA  Class  12 
requirements . 

TEMPERING 


As  each  lot  of  gear  blanks  was  received  at  the  gear  shop,  it  was  identified 
and  serialized.  To  facilitate  machining,  all  gear  blanks  were  then  normal- 
ized  and  drawn  to  Rc  25-30  prior  to  machining. 

MACHINING 


The  first  machining  sequence  consisted  of  rough  machining  one  side,  the  in¬ 
side  and  outside  diameters,  and  the  undercut.  The  serial  number  was 
immediately  stamped  in  the  machined  recess  for  identification  during  the 
subsequent  processing.  The  second  side  was  then  rough  machined.  At  this 
point  in  the  sequence,  the  pancake  forgings  were  hobbed  to  the  tooth  dimen¬ 
sions  of  the  rolled  gear  blanks.  The  gear  blanks  desti.nsd-tcrireeane'the"’ 
dynamic  test  specimen  were  then  dr  i lied.  -  and  -  -re ame d  (with  allowance  made  for 
final  grinding)  to  form  the' four  attachment  holes  of  the  configuration  shown 
In  Figure  2. 

CARBURIZING 


All  gear  blanks  were  carburized  and  heat  treated  as  a  single  lot  to  produce 
a  0.035  to  0.040  inch  effective  depth  of  case  and  an  equivalent  core  hard¬ 
ness  of  Rc  34-40.  Case  hardness  was  Rc  58-64. 

GRINDING 


After  carburizing,  the  gear  blanks  were  intermixed  in  a  systematically  ar¬ 
ranged  sequence  for  grinding.  The  grinding  operation  was  accomplished  on  a 
Detroit  Gear  Grinder  using  an  8-inch-diameter  wheel.  After  grinding,  16  of 
the  32  teeth  were  removed  from  the  single-tooth  test  specimen  to  produce  the 
configuration  shown  in  Figure  1.  This  was  done  to  provide  clearance  around 
the  test  tooth  and  to  facilitate  loading  the  tooth  at  the  highest  point  of 
single-tooth  contact  (HPSTC)  in  the  fixture.  Four  teeth  on  each  gear  were 
designated  as  test  teeth,  four  were  used  as  reaction  teeth,  and  the  rest 
were  retained  for  metallurgical  evaluation. 
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TABLE  I .  ROLL-FORKED  GEAR  PROCESSING  PROGRAM 


Grind  gear  teeth  Establish  final  ~ooth  Individually  Random 

dimensions 
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Profile  charts  showing  deviations  from  a  true  involute  form  were  taken  for 
each  test  gear  after  grinding.  Sample  charts  for  the  as-rolled  gear  blanks 
and  for  the  finished  hardened  and  ground  test  gear  are  shown  in  Figures  6, 
7,  and  8. 

During  grinding  it  was  observed  that  the  teeth  on  the  roll-generated  gear 
blanks  failed  to  clean  up  when  ground  to  the  3.683^-inch  root  dimension. 
Authorization  was  then  given  to  grind  to  3.6750  inches  to  clean  up.  This 
was  done  on  all  gear  blanks  to  make  strength  comparisons  valid. 

The  finished  test  gears  are  shown  in  Figures  9  and  10. 

The  test  gears  were  serialized  for  identification  as  shown  in  Table  II. 


TABLE 

II.  GEAR  SERIALIZATION 

AND  I DENT! FI CATION 

1  ZJ 

Forging 

Forging  Process 

Part  Number 

Serial 

Number 

61050-35059-001 

Conventional  Pancake 

61050-35059-101 

01-10 

61050-35059-002 

Poll-Formed 

61050-35059-102 

11-20 

61050-35059-003 

Roll-Generated 

6105O-35O59-1O3 

21-30 

61050-35059-002 

Roll-Formed 

6:050-35059-112 

31-70 

61050-35059-003 

Roll-Generated 

61050-35059-113 

71-100 

Figure  6.  Involute  Profile  Chart  for  Roll-Formed 
Process  -  As  Rolled. 
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Figure  8.  Involute  Profile  Chart  for 
Finished  Test  Gear. 
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Figure  9-  Finished  Gingie-Tooth  Test  Gear. 


Figure  10.  Finished  Pynamic  Test  Gear. 


TEST  PROCEDURE 


SIMPLE-TOOTH  TEST  PHASE 
Fatigue  Test  Setup 

lhe  single-tooth  fatigue  tests  were  conducted  on  special  Sikorsky  test  fix¬ 
tures.  In  this  test  series,  three  of  the  fixtures  were  mounted  on  Sonntag 
Model  SF-l-U  universal  fatigue  testing  machines  fitted  with  five-to-one  load 
amplifiers,  figures  11  and  12  illustrate  the  Sikorsky  test  fixtures  and 
Sonntag  machines  respectively.  Figure  13  shows  the  complete  test  arrange¬ 
ment.  The  test  load  was  applied  by  means  of  a  loading  pin  which  contacted 
the  gear  tooth  normal  to  the  involute  profile  at  the  "worst  load  position." 

A  tungsten  carbide  tip  was  brazed  to  the  loading  pin  to  improve  the  durabil¬ 
ity  of  the  surface  contacting  the  gear  tooth. 

The  normal  tooth  load  was  reacted  by  a  reaction  tooth  which  contacted  a 
contoured  support  block.  The  contact  was  over  the  entire  tooth  profile  to 
reduce  the  stress  and  prevent  the  reaction  tooth  from  failing.  The  test 
iixture  was  designed  so  that  the  loading  pin  automat ically  contacted  the 
test  tooth  at  the  worst  load"  point  when  the  gear  was  installed  in  the  fix¬ 
ture,  and  the  reaction  tooth  was  positioned  to  make  contact  with  the 
reaction  block.  Figures  lit  and  15  show  respectively  the  point  of  contact 
and  direction  on  the  gear  tooth  profile  for  the  "worst  load"  condition  and 
a  drawing  of  the  test  fixture.  A  preload  was  maintained  on  the  test  tooth 
vhen  the  gear  was  tightened  ir.  the  fixture  to  prevent  separation  between  the 
reaction  tooth  and  reaction  block  which  could  cause  an  error  in  the  load 
application  point. 

Load  cells  were  installed  in  series  with  the  loading  pin  for  static  and  dy¬ 
namic  load  determination.  Each  load  cell  was  calibrated  statically  in  the 
Riehae  -Mu- cO  Tensile  Machine  at  the  beginning  of  the  test  and  every  two 
months  thereafter  while  testing  was  in  progress.  An  Ellis  BA-12  bridge  am¬ 
plifier  and  cathode  ray  oscilloscope  was  used  to  read  the  strain  gage  bridge 
output,  ihe  calibrated  load  cells  were  used  as  the  primary  load  measuring 
system  for  test  setup  and  were  used  for  checking  the  applied  loads  twice 
daily  while  a  test  was  in  progress. 

Failure  of  the  test  tooth  was  considered  to  have  occurred  when  a  1/16-inch 
crack  was  detected.  A  "microwire"  technique  was  used  for  crack  detection. 
Copper  wire,  approximately  0.005  inch  in  diameter,  was  cemented  to  the  sides 
of  the  gear  approximately  1/32  to  1/16  inch  from  the  test  tooth  profile  and 
was  connected  to  the  control  system  of  the  Sonntag  machine.  When  a  crack 
was  initiated  in  the  test  tooth  and  propagated  to  the  wire,  the  wire  would 
break  and  the-  Sonntag  machine  would  shut  off. 

lests  were  conducted  on  twelve  teeth  of  each  of  three  manufacturing  pro¬ 
cesses.  Runs  were  made  at  four  load  levels  on  each  of  three  gears  of  each 
process  for  a  total  of  36  test  points.  All  test  load  levels  varied 
sinusoidally  from  a  100— pound  positive  minimum  load  to  whatever  positive 
maximum  load  was  required  to  obtain  failures  in  the  desired  cycle  ranges. 

This  type  of  loading  produced  tooth  bending  in  one  direction  only,  which  is 
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typical  of  service  pinions  and  gears.  The  positive  minimum  100-pound  loud 
was  maintained  for  all  test  load  levels  to  prevent  any  separation  and  impact 
loading  which  would  occur  if  the  minimum  load  was  allowed  to  reach  zero. 

All  four  Lest  teeth  of  each  gear  were  tested  at  a  different  load  level.  The 
test  sequence  was  randomized  with  respect  )  forming  process,  test  tooth, 
test  load,  and  testing  muchine. 

The  approximate  s ingle-tooth  load  levels  and  corresponding  gear  stresses 
calculated  using  the  AGMA  method  (Reference  M  are  shown  in  Table  III. 


TABLE  III.  SINGLE-TOOTH  LOAD?  AND  STRESSES 


Normal  Tooth  Load  (lb) 

AGMA  Bending  Stress  (psl) 

2 ,700 

126,700 

3,100 

11*5 ,500 

3,900 

183,000 

5,500 

258,100 

Static  Tests 


Single-tooth  static  tests  vrere  conducted  in  the  Riehle  PS-60  Tensile  Test 
Machine  on  the  same  gear  configuration  as  previously  discussed  for  fatigue 
tests.  The  same  fixture  used  for  the  fatigue  test  was  also  used  for  the 
static  tests.  An  adaptor  was  bolted  to  the  top  of  the  fixture  to  enable  it 
to  be  held  in  the  upper  head  of  the  tensile  machine.  The  load  was  applied 
through  the  loading  pin  which  contacted  a  compression  plate  in  the  lower 
head.  Figure  16  shows  the  fixture  mounted  in  the  tensile  machine.  For  the 
static  tests,  the  loading  point  on  the  gear  tooth  was  changed  from  the 
"worst  load"  condition  to  tooth  tip  loading  by  changing  the  reaction  block. 
Figures  l^t  and  15  show  respectively  the  point  of  contact  and  direction  of 
the  tip  load  on  the  tooth  profile  and  a  drawing  of  ibe  test  fixture  with  the 
dimensions  used  to  obtain  tip  loading.  This  type  of  loading  was  considered 
necessary  to  prevent  the  loading  point  contact  from  rolling  back  into  the 
root  radius  and  off  the  edge  of  the  loading  pin  because  of  the  more  ductile 
nature  of  the  static  fracturing.  The  ultimate  load  for  each  test  tooth  was 
read  directly  off  the  tensile  machine  dial. 

DYNAMIC  TEST  PHASE 


Test  Facility 

A  Sikorsky-designed  test  facility,  incorporating  a  feur-square  closed-loop 
regenerative  test  rig,  Figure  IT,  was  used  to  evaluate  the  test  gears  dynam¬ 
ically.  In  this  test  facility,  two  gearboxes,  each  containing  two  pairs  of 
test  gears,  are  connected  by  shafts  mounted  on  flexible  couplings  to  reduce 
any  interactions  between  the  two  gearboxes.  This  arrangement  permits  four 
gears  to  be  tested  simultaneously. 


The  original  coni iguration  of  this  test  facility  incorporated  an  idler  gear 
between  the  two  test  gears  in  each  gearbox.  The  present  improved  configura¬ 
tion  has  two  pairs  of  test  gears  at  each  end  mounted  in  a  staggered 
arrangement  as  shown  in  the  schematic  of  Figure  17.  This  eliminates  re¬ 
versed  bending  loads  on  the  idler  gear  and  prevents  progressive  secondary 
fractures  when  a  single  test  gear  fails. 

A  ItO-horsepower ,  1750-rpm  electric  motor  supplies  the  necessary  power  to 
overcome  the  friction  of  the  system.  A  vee-belt  drive  with  a  1.75  to  1.0 
pulley  ratio  transmits  the  power  to  the  test  gearbox.  A  spur  gear  set  with 
a  3.3  to  1.0  ratio  delivers  the  power  to  the  closed  loop  at  9200  rpra. 

Torque  is  applied  to  the  system  by  the  relative  angular  displacement  of  ver¬ 
nier  plates  on  one  of  the  connecting  shafts.  System  "wind-up"  provides 
adequate  sensitivity  to  obtain  the  desired  torque  levels.  Strain  gages  in 
torque  hall— bridge  configurations  are  used  to  measure  system  torque  while 
the  load  is  being  applied. 


Each  gearbox  has  an  independent  lubrication  system  operating  at  flow  rates 
of  up  to  5  gpm.  Each  oil  reservoir  has  a  capacity  of  15  gallons  of  oil. 

The  maximum  heat  rejection  capacity  for  each  cooling  system  is  50,000  Btu 
per  hour.  A  1+0-micron  filter  on  each  supply  line  maintains  oil  cleanliness 
and  prevents  oil  jet  blockage. 


Temperatures  are  monitored  using  iron-constantan  thermocouples  on  oil-in  and 
oil-out  lines  and  on  bearing  housings  in  twelve  locations.  A  flow  meter  and 
pressure  gage  on  each  oil-in  line  provide  lubrication  rate  information. 

A  failure  detection  system  which  would  automatically  shut  down  the  test 
facility  when  a  failure  occurred  is  installed  as  part  of  the  test  facility 
circuitry.  A  low-oil-pressure  switch  protects  the  facility  from  failures 
due  to  malfunctioning  oil  pumps,  ruptured  oil  lines,  or  low  oil  level  in 
either  sump.  Excessive  oil  temperature  also  activates  the  shutdown  system. 
Magnetic  type  chip  detectors  are  incorporated  to  stop  the  test  if  metallic 
particles  enter  the  lubrication  system.  A  unique  feature  of  this  shutdown 
system  is  a  missing-tooth  detection  device.  This  device  compares  an  input 
signal  from  a  magnetic  tooth  contactor  (on  a  cycle  per  cycle  basis)  to  an 
internal  signal  generated  by  an  oscillator  which  is  phase-locked  to  the  con¬ 
tactor  signal.  If  a  tooth  is  missing,  the  comparison  on  that  cycle  will 
trigger  a  flip-flop  which  will  trip  the  motor  relay  to  shut  off  the  machine. 
The  time  from  detection  to  relay  shutoff  is  approximately  equal  to  the  relay 
closing  time.  There  is  one  circuit  for  each  of  the  eight  gear  positions. 
When  a  bending  failure  occurs,  which  results  in  the  loss  of  a  gear  tooth, 
lights  on  the  instrument  panel.  Figure  18,  will  indicate  not  only  which 
gearbox  is  affected  but  in  which  of  the  four  possible  gear  positions  the 
failed  gear  can  be  found.  If  the  test  machine  shuts  down  because  of  low  oil 
pressure,  low  oil  level,  chip  detection,  or  a  recorder  malfunction  (high 
temperature) ,  this  fact  will  also  be  indicated  by  an  appropriate  light  on 
the  instrument  panel. 
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Figure  13.  Fatigue  Test  Arrangement 
on  the  Sonntag  Machine. 
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figure  IT.  Sikorsky  Dynamic  Test  Facility 


The  dynamic  fatigue  tests  were  conducted  in  a  randomized  order  on  a  minimum 
of  sixteen  gears  of  each  roll-forming  process.  Three  gears  of  each  process 
were  tested  at  each  of  four  load  levels,  for  a  total  of  32  test  points. 

The  gear  tooth  loads  used  and  the  corresponding  gear  tooth  stresses  are 
shown  in  Table  IV. 


Since  the  design  of  the  test  facility  permits  four  gear  pairs  to  be  tested 
at  one  time,  the  position  of  each  gear  in  the  tester  was  randomized  to  pre¬ 
clude  the  possibility  of  error  due  to  gear  location.  When  a  gear  failure 
occurred  in  a  test  run,  all  test  gears  were  removed  from  the  tester  and 
tagged  with  a  notation  of  the  test  run.  The  gears  which  did  not  fail  were 
then  stored  for  a  later  run  at  the  same  load  levels.  The  procedure  was 
followed  for  each  test  run  until  failure  or  runout  of  all  test  gears  oc¬ 
curred. 

GEAR  STRESS  CALCULATIONS 

The  gear  stresses  presented  in  this  report  were  calculated  using  the  methods 
and  equations  out  Lned  in  References  (h)  and  (5).  The  geometry  factor  for 
the  single-tooth  .est  gear  was  based  on  an  assumed  gear  ratio  of  one-to-one 
and  thus  is  identical  with  the  geometry  factors  for  the  dynamic  test  gear. 

The  equation  for  calculating  the  bending  stress  at  the  critical  section  of 
the  gear  tooth  when  loaded  at  the  HPSTC  is : 

^t  K0  Ks  Km 

=  —  x  1  ~T~  (1) 
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where 


S^j  =  bending  stress  at  the  critical  section 

=  tangential  load 

K0  =  overload  factor 

Kv  =  dynamic  factor 

=  diametral  pitch 

F  =  face  width 

K  =  size  factor 

s 

Kjjj  =  load  distribution  factor 

J  =  geometry  factor 

For  the  test  gears  utilized  in  this  program,  assume 


where  Sc  =  compressive  stress 

Cp  =  elastic  coefficient 

Wt  =  tangential  tooth  load 


(2) 

(3) 

(*♦) 

(5) 
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C0  =  overload  factor 

Cv  =  dynamic  factor 

Dp  =  operating  pitch  diameter 

F  =  face  width 

Cs  =  size  factor 

Cjn  =  load  distribution  factor 

I  =  geometry  factor 

Cp  =  surface  factor 

For  the  test  gears  used  in  this  program,  assume 

C0 >  Cv ,  Cs ,  Cn ,  Cf ,  =  1.0 

F  =  .375 

D  =  4.000 

P 

I  =  .0884 

Cp  =  2300 

Then 

Sc  =  2300 

Sc  =  6316  y  Wt  (6) 
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SINGLE -TOOTH  TELIT  RESULTS 


TEST  DATA 


The  single-tooth  test  program  was  designed  to  determine  the  relative  bending 
fatigue  strengths  of  gears  produced  by  the  two  representative  roll-forming 
techniques  as  well  as  the  bending  strength  of  gears  produced  by  the  conven¬ 
tional  pancake-type  forging,  which  was  established  as  the  baseline  process. 

For  simplification,  gears  made  from  the  conventional  pancake- type  forging 
are  identified  as  PAN  and  gears  produced  by  roll-forming  and  roll-generating 
are  identified  an  RF  and  RG  respectively. 

Fatigue  Tests 

A  summary  of  the  12  fatigue  test  data  points  has  been  made  for  each  process 
and  is  presented  in  Table  V.  This  table  contains  all  of  the  pertinent  test 
information,  including  maximum  test  load,  process,  serial  number,  cycles  to 
failure,  and  test  fixture  number,  and  comments  on  mode  of  failure  and  sur¬ 
face  condition. 

An  analysis  of  the  test  data  was  made  to  determine  if  the  test  results  were 
influenced  to  any  degree  by  the  utilization  of  a  particular  test  fixture. 

On  the  basis  of  this  analysis,  it  was  concluded  that  the  influence  of  a 
particular  test  fixture  was  insignificant. 

To  verify  that  the  load  position  on  the  test  tooth  was  at  the  correct  posi¬ 
tion,  random  test  gears  were  selected  for  dimensional  inspection.  The 
inspection  results  confirmed  that  the  center  of  the  wear  pattern  was  located 
at  the  HPSTC. 

Static  Tests 


A  summary  of  single-tooth  static  test  data  is  presented  in  Table  VI. 
DATA  ANALYSIS 


Fatigue  Tests 

For  data  analysis  purposes,  in  order  to  make  maximum  use  of  the  test  data, 
the  runout  points  generated  at  the  2700-pound  and  3100-pound  load  levels 
were  treated  as  normal  bending  failures.  The  rationale  for  this  assumption 
is  that  any  termination  of  a  test  prior  to  a  bending  failure  is  considered 
a  runout.  Consequently  the  conservative  approach  was  to  consider  a  runout 
point  to  be  a  failure  point. 

The  data  from  the  single-tooth  test  program  was  analyzed  statistically  with 
the  aid  of  a  Sikorsky  Aircraft  computer  program.  This  statistical  approach 
is  based  on  the  theory  that  for  a  particular  process,  there  exists  a  stress 
or  load  level  below  which  a  failure  will  never  occur  (endurance  limit)  ,  no 
matter  how  many  stress  cycles  are  imposed.  In  line  with  this  theory,  the 
mean  stress/life  (S-N)  curve  can  be  written  in  the  general  form: 


29 


s 


E  + 


(7) 


where  S  =  stress  or  load  level 

E  =  endurance  limit 

6  =  material  constant 

y  =  material  constant 

N  =  cycles  to  failure  x  10  ^ 

A  curve  equation  of  this  form  was  used  in  Reference  6  to  plot  the  results 
of  single-tooth  tests  on  advanced  gear  materials.  A  "best  fit"  S-N  curve 
conforming  to  Equation  (7)  was  derived  from  the  test  data  for  each  process 
by  the  computer  utilizing  the  method  of  least  squares.  The  constants  deter¬ 
mined  by  this  method  satisfy  the  condition  that  the  sum  of  the  squares  of 
the  deviations  of  stress  from  the  mean  curve  is  a  minimum.  Using  the  given 
set  of  test  data  as  input,  the  computer  calculates  the  curve  parameters  E, 
p,  and  y  from  a  purely  objective  and  unbiased  viewpoint,  thus  eliminating 
the  need  for  preplotting  and  curve  adjusting. 

After  evaluation  of  the  constants,  Equation  (7)  was  used  to  evaluate  the 
mean  load  at  various  values  of  N  for  each  process.  Figures  19»  20,  and  21 
are  the  resulting  plots  of  the  data  points  and  respective  mean  S-N  curves. 
For  comparative  purposes,  a  composite  of  the  three  mean  curves  is  presented 
in  Figure  22. 

The  distribution  of  the  data  about  the  mean  was  analyzed  statistically  by 
assuming  that  each  individual  data  point  lay  on  an  S-N  curve  of  its  own 
which  had  the  same  curve  shape  as  the  mean  curve  for  the  total  group.  The 
mean  curve  was  thus  shifted  up  or  down  to  pass  through  the  specified  test 
point.  The  value  of  stress,  or  load,  at  10®  cycles  based  on  an  individual 
data  point  was  then  calculated  by 


—  Q 

where  S|  =  equivalent  load  at  10°  cycles  for  each  data  point 

Sj  =  load  at  failure  for  each  individual  data  point 

Nj  =  stress  at  failure  for  each  individual  data  point 

After  the  data  points  were  "stacked  up"  at  10®  cycles,  the  standard  devia¬ 
tion  and  coefficient  of  variation  were  calculated  by 
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vherf 


and 


s 
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unbiased  standard  deviation 

mean  fatigue  strength  at  108  cycles  for  the  total 
group 

number  of  test  points 
coefficient  of  variation 


The  mean  fatigue  strengths  and  standard  deviations  at  IQ8  cycles,  the  co¬ 
efficients  of  variation,  and  the  constants  of  the  S-N  curve  equation  for  the 
mean  curves  are  summarised  in  Table  VII. 

The  probable  error  between  the  mean  of  the  test  sumple  at  IQ8  cycles  and  the 
true  mean  was  calculated  using  the  statistical  tables  of  Reference  3.  Based 
on  the  probable  error  of  the  mean,  the  spread  in  the  mean  fatigue  strength 
at  108  cycles  for  a  confidence  level  of  99  percent  was  calculated  for  each 
process.  This  data  is  presented  in  Table  VIII. 


Static  Tests 


The  mean  ultimate  test  loads,  standard  deviations,  and  coefficients  of  vari¬ 
ation  were  determined  for  the  gears  of  each  process-  Comparative 
evaluations  were  performed  using  a  single  tail  "t"  test  which  is  a  statisti¬ 
cal  method  to  determire  the  significant  difference  between  the  means  of  two 
sets  of  test  data.  The  results  of  these  analyses,  for  a  90  percent  confi¬ 
dence  level,  are  presented  in  Table  IX. 


TABLE  V. 

TEST  RESULTS  -  SINGLE-TOOTH 
FATIGUE  TESTS 

Test 

Run 

Maximum 
Test  Load 
_  .  (lb) 

Process 

S/N 

Cycles 
x  10"° 

Test 

Fix  ure 

Comments 

1 

2700 

RF 

13  E 

0.221 

O 

c. 

Fractured -pi tted 

2 

2700 

PAN 

03  A 

17.65b 

2 

Runout-pitted 

3 

2700 

RG 

25  D 

17.520 

1 

Runout-pitted 

U 

5500 

RG 

26  C 

0.00290 

2 

Fractured-clean 

5 

3100 

RF 

12  C 

0.153 

2 

Fractured-pitted 

6 

3900 

PAN 

01  B 

0.032 

2 

Fractured-pitted 

T 

3100 

RG 

26  A 

O.lbO 

Q 

C- 

Fractured-clean 

31 


TABLE  V  -  Continued 


Test 

Hun 

Maximum 
Test  Load 

ut) 

Process 

R./IJ 

Cycles  ( 
x  10 

Tea  t 

Fi  xturc 

Comments 

3 

3100 

RG 

25  C 

0.116 

O 

Fractured-pi tted 

9 

3100 

RF 

13  D 

0.211 

1 

Fractured-pi tted 

10 

5500 

PAT' 

01  D 

0.0033 

O 

( 

Fractured-pl tted 

11 

5500 

RF 

12  b 

0.0033 

1 

Fractured-pi tted 

12 

2700 

RG 

26  L 

21.830 

1 

Fruetured-clean 

13 

2700 

FAR 

01  C 

0. 3QA 

2 

Fractured-pi tted 

U 

1100 

PAH 

03  C 

0.120 

2 

Fractured-clean 

15 

3100 

PAH 

01  A 

0.165 

2 

Fractured-clean 

16 

3900 

RG 

25  B 

0.0520 

2 

Fractured-pitted 

17 

3900 

RF 

13  A 

0.0390 

2 

Fractured-pi tted 

ie 

5500 

RF 

13  C 

0.00610 

2 

Fractured-pitted 

19 

5500 

PAN 

03  B 

0.00380 

2 

Fractured-pitted 

20 

5500 

RG 

25  A 

0.00230 

2 

Fractured-clean 

21 

2700 

RF 

12  A 

0.310 

2 

Fractured- clean 

22 

2700 

RG 

22  V 

77.A95 

2 

Fractured-clean 

23 

3100 

RF 

15  B 

17.790 

1 

Runout-clean 

2  m 

2700 

PAH 

08  A 

2I4.9I46 

1 

Fractured-clcan 

25 

2700 

RF 

15  A 

25.310 

2 

Runout- clean 

26 

3100 

RG 

22  B 

0.272 

1 

Fr  ac  t  ur  e  d-  c  le  an 

27 

3500 

RG 

26  B 

0.0280 

1 

Fractured-clean 

26 

3900 

PAN 

03  B 

0.0370 

1 

X 

Fractured-pitted 

29 

5500 

RG 

22  A 

O.OOAlO 

1 

Fractured-clean 

30 

3900 

RG 

22  C 

O.OHLO 

1 

Fractured-clean 

31 

3900 

PAN 

08  C 

0.120 

1 

Fractured-clean 

32 

5500 

PAN 

08  B 

0.00930 

1 

Fractured-clean 

33 

3900 

RF 

15  D 

0.0780 

1 

Fr  ac  ture  d- c le  an 

3*4 

3100 

PAN 

08  D 

19.870 

1 

Runout-clean 

35 

5500 

RF 

15  C 

0.0100 

1 

Fractured-clean 

36 

3900 

RF 

12  L 

0.0760 

1 

Fractured-clean  1 

32 


TABLE  VI.  TEST  RESULTS  -  : 

STATIC  TESTS 

SINGLE-TOOTII 

Process  S/N  ' 

footh 

Ultimate 

Load  ( lb ) 

Conventional  02 

A 

8825 

B 

9700 

C 

9850 

D 

9550 

Roll-Generated  23 

A 

7800 

B 

8230 

C 

7650 

D 

7550 

2h 

A 

7550 

B 

8150 

C 

8250 

D 

7900 

Roll-Formed  ll* 

A 

8700 

B 

9000 

C 

8900 

D 

9000 

16 

A 

8000 

B 

9125 

C 

9500 

D 

8U50 

TABLE  IX.  RESULTS  OF  STATISTICAL  TESTS  ON  STATIC  TEST  DATA 
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DYNAMIC  TEST  RESULTS 


TEST  DATA 


The  dynamic  test  program  was  established  to  determine  the  relative  dynamic 
fatigue  strengths  of  gears  produced  by  the  two  roll-forming  processes  when 
run  in  a  gearbox  environment  at  9200  rpm.  Although  the  conventional  forg¬ 
ing  process  was  not  included  in  this  test  series,  the  test  data  can  be 
correlated  with  the  baseline  process  when  the  results  of  a  current  program* 
on  forged  gears  become  available. 

Based  on  the  initial  results  obtained  in  this  program,  which  was  conducted 
on  the  same  test  rig,  the  lower  load  level  for  this  test  phase  was  set  at 
1500  pounds.  This  choice  resulted  in  failure  times  in  excess  of  10  million 
cycles.  Such  high-time  points  have  a  significant  influence  in  determining 
the  endurance  limit  and  S-N  curve  shape.  The  upper  load  level  was  selected 
at  2250  pounds,  again  based  on  previous  experience  with  this  test  gear,  to 
give  failure  times  in  excess  of  10,000  cycles.  Two  other  load  levels  were 
spaced  between  these  extremes.  Runout  was  established  at  100  million  cycles. 
A  summary  of  the  fatigue  test  data  is  presented  in  Table  X.  The  table  in¬ 
cludes  transmitted  tangential  tooth  load,  process,  serial  number,  and  total 
accumulated  cycles . 

DATA  ANALYSIS 


The  mean  S-N  curves  for  each  process  were  drawn  through  the  test  data  points 
using  the  same  procedures  used  in  the  single-tooth  test  phase.  The  result¬ 
ing  curve  plots  are  shown  in  Figures  23  and  2k.  For  comparative  purposes, 
the  two  curves  are  shown  superimposed  in  Figure  25.  The  equivalent  loads 
at  10°  cycles  for  each  data  point  were  analyzed  statistically  to  determine 
the  mean  fatigue  strength,  standard  deviation,  and  coefficient  of  variation 
for  each  process.  These  values  and  the  constants  of  the  S-N  relation  are 
summarized  in  Table  XI. 


The  probable  error  between  the  mean  of  the  test  sample  at  10®  cycles  and  the 
true  mean  was  calculated  using  the  statistical  tables  of  Reference  3.  The 
spread  in  the  mean  fatigue  strength  at  10°  cycles  for  a  confidence  level  of 
99  percent  was  calculated  for  each  process.  This  data  is  presented  in  Table 


XII. 


^Dynamic  Test  of  Gears  Manufactured  by  Advanced  Forging  Techniques,  USAAMRDL 
Contract  DAAJ02-69-C-0060 


TABLE 

X.  TEST  RESULTS,  DYNAMIC 
FATIGUE  TESTS 

Tangential 
Tooth  Load 
(lb) 

Process 

S/N 

Total 

Accumulated 
Cycles  x  10”^ 

Comments 

1500 

RF 

35 

26.514 

Tooth  fracture 

1500 

RG 

72 

70.371 

Tooth  fracture 

1500 

RG 

9h 

70.371 

Tooth  fracture 

1500 

RG 

88 

76.434 

Tooth  fracture 

1500 

RF 

61 

34.535 

Tooth  fracture 

1500 

RG 

81 

76.654 

Tooth  fracture 

1500 

RF 

3  6 

100.280 

Runout 

1500 

RF 

32 

81.034 

Tooth  fracture 

1750 

RG 

87 

22.015 

Tooth  fracture 

1750 

RG 

95 

2.870 

Tooth  fracture 

1750 

RG 

92 

23.616 

Tooth  fracture 

1750 

RG 

86 

16.247 

Tooth  fracture 

1750 

RG 

79 

13.082 

Tooth  fracture 

1750 

RF 

50 

18.225 

Tooth  fracture 

1750 

RF 

66 

11.077 

Tooth  fracture 

1750 

RF 

46 

10.525 

Tooth  fracture 

1750 

RF 

37 

6.550 

Tooth  fracture 

1750 

RF 

31 

6.339 

Tooth  fracture 

2000 

RG 

78 

0.506 

Tooth  fracture 

2000 

RF 

34 

0.672 

Tooth  fracture 

2000 

RF 

39 

0.754 

Tooth  fracture 

2000 

RG 

77 

0.690 

Tooth  fracture 

2000 

RG 

85 

1.072 

Tooth  fracture 

2000 

RG 

91 

1.195 

Tooth  fracture 

2000 

RF 

64 

0.497 

Tooth  fracture 

2000 

RF 

52 

1.444 

Tooth  fracture 

2250 

RG 

71 

0.396 

Tooth  fracture 

2250 

RG 

93 

0.408 

Tooth  fracture 

2250 

RF 

49 

0.460 

Tooth  fracture 

2250 

RG 

73 

0.202 

Tooth  fracture 

TABLE  X  - 

Continued 

Tangential 
Tooth  Load 
(lb) 

Process 

S/N 

Total 

Accumulated 
Cycles  x  10~6 

Comments 

2250 

RF 

1+5 

0.791 

Tooth  fracture 

2250 

RF 

60 

O.UlU 

Tooth  fracture 

2250 

RG 

82 

0.286 

Tooth  fracture 

2250 

RF 

33 

Q!595 

Tooth  fracture 

1  ll 

1+2 
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METALLURGICAL  EVALUATION 


INVESTIGATION  PROCEDURE 


The  following  methods  were  used  to  determine  the  mode  of  failure,  origin  of 
failure,  microctrueture  of  case  and  core,  chemical  composition,  grain  size, 
grain  flow,  case  depth,  and  hardness  of  the  case  and  core: 

1.  The  fractu-ed  gear  teeth  were  exumined  with  a  low-power  stereo¬ 
microscope  to  determine  the  mode  and  origin  of  failure. 

2.  One  fractured  tooth  from  each  gear  was  further  examined  as  follows: 

a.  The  Rockwell  hardness  was  determined  for  the  case  and 
core . 

b.  Fractured  teeth  from  each  process  were  mounted,  etched 
with  2  percent  nital  solution,  and  examined  on  a  metallo- 
graph  to  determine  the  microstructure  of  the  case  and  core. 

c.  Total  case  depth  was  determined  by  examination  of  the 
etched  mounts  under  a  Brinell  microscope.  The  effective 
case  depth  was  determined  in  terms  of  "Knoop"  hardness  on 
a  Tukon  microhardness  tester  for  one  tooth  from  each 
forging  process.  The  case-core  transition  point  was  taken 
at  KHN  5U2  (approximately  equal  to  Rc  50).  The  results 
presented  have  been  converted  to  Rc  readings. 

3.  One  gear  from  each  forging  process  was  analyzed  on  a  spectrograph 
to  determine  the  chemical  composition.  A  volumetric  carbon  deter¬ 
mination  of  the  core  was  also  conducted. 

Grain  flow  was  determined  for  a  series  of  teeth  from  each  of  the 
rolling  processes  in  the  as-rolled  condition.  Grain  flow  was  also 
determined  on  the  finished  gears  for  all  the  processes.  Transverse 
sections  from  gear  teeth  were  cut,  mounted  and  polished.  The  grain 
flow  was  revealed  by  etching  with  a  saturated  solution  of  ammonium 
persulfate  followed  by  a  light  polish  with  a  i-micron  paste  to  re¬ 
move  smutting. 

5.  Prior  austenitic  grain  size  was  determined  c  i  several  gear  teeth 
from  each  process  by  using  a  modified  McQuade-Ehn  test.  The 
samples  were  packed  in  carbon  and  subjected  to  a  2-hour  soak 
at  1600°F  and  then  slow-cooled.  The  samples  were  then  etched  with 
a  nital  and  picral  solution  to  reveal  the  grain  boundaries.  The 
A3TM  grain  size  was  determined  by  using  method  E112-63,  Reference 
7,  and  comparison  with  ASTM  Plate  IV  at  100X  magnification. 
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FRACTURE  ANALYSIS 


Single-Tooth  Gear  Tooth  Fractures 

Examination  of  the  gear-tooth-/' ructure  interfaces  revealed  multiple  origins 
extending  across  the  tooth  wiuoh,  s..  >wn  typically  for  each  process  in  Figure 
26.  All  the  fractures  were  located  in  the  area  adjacent  to  the  start  of  the 
root  radius.  The  first  gear  ‘ ooth  fatigue  tested  (S/N  13,  roll-formed 
process)  failed  after  221,000  cycles  at  the  2700-pound  load  level.  Examina¬ 
tion  revealed  that  the  fatigue  origins  were  coincident  with  pits  in  the 
surface  as  shown  in  Figure  27,  View  A.  This  condition  was  apparent  on  every 
tooth  on  the  gear,  shown  typically  in  View  B,  Figure  27.  This  pitting  oc¬ 
curred  during  the  manganese  phosphate  coating  process  and  is  a  rejectahle 
condition.  Analysis  of  the  test  data  revealed  that  the  four  test  points 
from  gear  S/N  13  failed  lower  than  the  other  test  points  at  that  load  level. 
Examination  of  the  remaining  gears  revealed  pitting  of  varying  degrees.  The 
surface  condition  at  the  crack  site  of  each  gear  tooth  is  noted  in  Table  V. 

A  typical  example  of  a  static  fractured  tooth  is  shown  in  Figure  28.  The 
static  fractures  are  considerably  more  crystalline  in  appearance  and  coarse 
grained  in  texture. 

Dynamic  Gear  Tooth  Fractures 

Two  gears  of  each  roll- formed  process  were  analy^ed.  The  examination  re¬ 
vealed  single-tooth  fractures  in  all  four  gears  extending  across  the  tooth 
''ace  approximately  at  the  start  of  the  tooth-to-root  fillet  radius.  A  typ¬ 
ical  single-tooth  fracture  is  shown  in  Figure  29* 

Figure  30  shows  the  fracture  interface  and  origin  site  for  a  typical  frac¬ 
ture.  The  gear  teeth  on  all  of  the  gears  examined  exhibited  varying  degrees 
of  scuffing,  surface  pitting,  and  a  contact  pattern  which  favored  one  side 
of  the  tooth  face. 

Fluorescent  magnetic  particle  inspection  revealed  an  additional  cracked 
tooth  on  one  of  the  gears  examined.  The  crack  extended  from  a  spalled  area 
ac  the  pitch  line,  down  the  side  of  the  tooth,  and  across  approximately  one- 
half  of  the  tooth  width,  as  shown  in  Figure  31. 

HARDNESS  AMD  CASE  DEPTH 


Hardness  of  the  case  and  core  and  case  depths  are  listed  in  Table  XIII.  The 
results  of  these  tests  show  that  all  the  teeth  tested  conformed  to  the  hard¬ 
ness  and  case  depth  requirements  specified  in  Figures  1  and  2. 

Microhardness  surveys  of  each  process,  shown  in  Figure  32,  revealed  a  uni¬ 
formly  decreasing  hardness  gradient  with  no  sharp  drop-off,  indicating  a 
good  transition  from  case  to  core.  The  effective  case  depth  (Rc  50  min.)  in 
each  case  was  at  the  minimum  drawing  requirement,  and  for  gear  5/N  13  it  was 
0.001  inch  below. 
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CHEMICAL  ANALYS 13 


Chemical  analysis  was  performed  on  one  of  each  type  of  gear.  A  tabulation 
of  the  elements  is  listed  in  Table  XIV.  The  results  of  the  analysis  indi¬ 
cated  that  the  material  conformed  to  the  requirements  of  AMS  6265. 

MICROSTRUCTURE 


Metaliographic  examination  revealed  a  typical  martensitic  case  micro¬ 
structure  with  no  evidence  of  retained  austenite  or  carbide  network. 

Typical  microstructures  of  case  and  core  f  r  each  process  are  shown  in  Fig¬ 
ures  33  and  3I+.  No  significant  difference  exists  between  manufacturing 
process  or  individual  gears  in  either  case  or  core  structure.  These  struc¬ 
tures  meet  the  present  requirements  of  Sikorsky  Standard,  SS-8015, 
Carburizing  Procedures  and  Requirements,  dated  October  5,  1967. 

GRAIN  FLOW  ANALYSIS 

Figures  35  and  36  show  the  grain  flow  of  the  gear  blanks  from  each  rolling 
process  before  machining  or  heat  treatment.  Figures  37  and  38  show  these 
name  processes  in  the  finished  gear.  Comparison  revealed  that  roll-formed 
gears  exhibited  grain  flow  which  followed  the  contour  of  the  gear  tooth 
from  the  root  to  the  crest  and  extended  approximately  0.016  to  0.020  inch 
below  the  surface.  Roll-generated  gears  exhibited  no  grain  flow  in  the  root 
radius  and  a  very  small  amount,  0.002  inch,  around  the  prtch  line  to  the 
crest.  Grain  flow  in  the  roll-generated  gears  is  similar  to  that  found  in 
convent  onally  processed  gears.  Comparison  of  the  root  radii  revealed  seme 
cutting  of  the  grain  flow  lines  of  roll-formed  gears  (arrows  in  Figure  39 » 
View  A),  while  in  contrast,  all  the  grain  flow  lines  in  roll-generated  gears 
are  cut  in  finish  grinding  (Figure  39 >  View  B). 

GRAIN  SIZE 


The  prior  austenitic  grain  size  for  all  three  manufacturing  processes  was 
found  to  be  equivalent  to  size  8  when  compared  with  ASTM  plate  No.  IV  using 
A3TM  method  E112-63-  This  grain  size  is  within  the  requirements  of  AMS 
6265,  which  calls  for  grain  size  predominantly  5  or  finer  with  occasional 
grains  as  large  as  3  permissible.  Figure  Uo  shows  the  grains  from  a  typical 
specimen  at  1000X  magnification. 
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TABLE  XIV.  CHEMICAL  ANALYSIS 


Figure  26.  Single-Tooth  Fatigue  Origins  and  Fracture  Interfaces. 
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View  A 


View  B 


Figure  27.  General  Pitting  Condition  Observed  on  Gone  Test  Gears 
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Figure  32.  Typical  Microhardness  Surveys. 
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Figure  37 •  Grain  Flow  Pattern  After  Grinding 


Roll-Formed  Gear 


View  B 

Figure  39-  Grain  Flow  in  Root  Fillet. 
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SUMMARY  OF  RESULTS 


SINGLE- TOOTH  TESTS 

The  comparative  results  of  the  single-tooth  fatigue  tests  presented  in  Table 
VII  and  plotted  in  Figure  22  show  that  the  mean- fatigue-strength  difference 
between  the  two  roll- forming  processes  at  10®  cycles  is  93  pounds ,  or  ap¬ 
proximately  it  percent,  favoring  the  roll- formed  process.  As  shown  in  Figure 
22,  the  mean  fatigue  strength  at  10°  cycles  for  the  conventionally  forged 
gears  falls  between  the  values  obtained  for  the  two  roll-forming  processes; 
thus,  the  fatigue  strengths  of  all  three  processes  tested  lie  within  a  rel¬ 
atively  narrow  band. 

The  results  for  the  conventionally  forged  gears  tested  in  this  program  are 
significantly  higher  (28  percent)  than  the  results  obtained  in  the  single¬ 
tooth  program  of  Reference  1.  In  both  of  these  programs ,  the  conventionally 
forged  test  gears  were  of  the  same  material  (AISI  9310  CvM  carburizing 
steel)  anc  forging  design,  were  manufactured  by  the  same  gear  manufacturer, 
and  were  tested  on  the  same  test  fi'tures.  The  only  differences  were  that 
the  raw  material  in  each  case  was  from  a  different  heat  and  it  was  processed 
at  a  different  time.  This  indicates  that  a  variability  can  exist  between 
heats  of  material,  and  this  difference  can  be  as  much  as  28  percent. 

Examination  of  the  test  data  and  the  results  of  the  post-test  inspection  re¬ 
vealed  that  the  pitting  condition  which  was  in  evidence  to  some  degree  on 
15  of  the  36  teeth  did  not  influence  the  test  results  significantly.  In  the 
majority  of  cases  the  pitted  gears  failed  earlier  than  the  clean  teeth,  al¬ 
though  this  was  not  true  100  percent  of  the  time.  The  divergence  between 
the  failure  times  for  pitted  teeth  and  clean  teeth  at  each  load  level  is 
considered  to  be  within  the  normal  scatter  to  be  expected  in  a  fatigue  test 
of  this  sort. 

The  results  of  the  single-tooth  static  tests  shown  in  Table  IX  reveal  sub¬ 
stantial  differences  in  the  static  strengths  of  the  three  processes  tested. 
The  conventionally  forged  gears  evidenced  ultimate  static  strengths  at  least 
265  pounds  greater  than  those  of  roll- formed  gears  and  at  least  1300  pounds 
greater  than  those  of  roll-generated  gears  based  on  a  single-tailed  "t"  test 
Since  only  four  test  points  on  one  test  gear  were  required  for  the  conven¬ 
tional  process,  this  result  cannot  be  considered  statistically  significant. 
The  comparison  also  reveals  the  static  strength  of  roll-formed  teeth  to  be 
690  pounds  greater  than  that  of  roll-generated  teeth. 

DYNAMIC  TESTS 

The  results  of  the  dynamic  tests  on  the  two  roll-forming  processes,  pre¬ 
sented  in  Table  XI  and  Figure  25,  show  that  the  gears  produced  by  the 
roll-generated  process  have  a  mean  dynamic  fatigue  strength  at  10°  cycles 
which  is  57  pounds,  or  approximately  k  percent,  greater  than  that  obtained 
for  the  roll- formed  process.  On  the  basis  of  these  results,  the  two  pro¬ 
cesses  exhibited  essentially  equal  fatigue  strengths. 

The  comparison  of  Figure  25  also  shows  that,  in  tie  high-load  low-cycle 
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region,  the  roll- formed  gears  are  stronger  than  the  roll-generated  gears, 
which  is  in  general  agreement  with  the  results  of  the  single-tooth  static 
tests . 

The  dynamic  test  results  of  this  program  can  be  correlated  with  the  baseline 
conventionally  forged  gears  upon  the  completion  of  a  current  USAAMRDL  pro¬ 
gram  (Contract  DAAJ02-69~C-0060)  on  forged  gears. 

Examination  of  the  gear  tooth  wear  patterns  and  the  fracture  origins  indi¬ 
cate  that  the  gears  were  end-loaded  to  some  degree.  This  end-loading  was 
undoubtedly  caused  by  shaft  deflection  due  to  the  fact  that  the  gears  are 
overhung  for  ease  in  loading  and  unloading  and  to  facilitate  inspection. 

All  gears  examined,  however,  showed  a  consistent  wear  pattern;  therefore, 
the  end-loading  condition  did  not  affect  the  relative  strengths  of  the  gears 
tested,  but  it  does  require  the  use  of  an  appropriate  load  distribution 
factor  when  gear  tooth  stresses  are  calculated. 

The  gear  teeth  on  all  of  the  gears  examined  exhibited  varying  degrees  of 
scuffing  and  surface  pitting,  which  is  characteristic  of  a  balanced  design 
in  which  the  tendency  to  pit  or  scuff  is  roughly  equal  to  tne  tendency  of 
fracture.  A  coarser-pitch  gear  would  be  expected  to  exhibit  predominantly 
surface  failures,  whereas  a  finer-pitch  gear  would  fail  almost  exclusively 
by  root  bending. 

STRESS  COMPARISON 

The  average  fatigue  strengths  at  10®  cycles  for  all  of  the  processes  tested 
are  2029  pounds  for  the  single-tooth  tests  and  11+95  pounds  for  the  dynamic 
test.  The  corresponding  average  stresses  are  123,1+00  psi  for  the  single- 
tooth  specimen  and  98.700  psi  for  the  dynamic  gear  when  a  load  distribution 
factor  of  1.3  is  used  to  account  for  end- loading.  The  ratio  of  these  two 
stresses  is  a  measure  of  the  aynamic  effect  at  9200  rpm.  Thus, 

K  -  98700 
V  "  1231400 

Kv  =  .80 

where  Kv  is  the  experimental  dynamic  factor.  This  value  agrees  with  the  re¬ 
sults  of  the  dynamic  teste  of  Reference  8  within  10  percent. 

DISCUSSION 


The  results  obtained  in  the  single-tooth  test  program  show  little  difference 
in  the  fatigue  strengths  of  the  two  roll-forming  processes  and  the  conven¬ 
tional  forging  process.  This  result,  especially  in  the  case  of  the 
roll- formed  process,  is  surprising  since  the  results  of  previous  tests  con¬ 
ducted  on  advanced  gear  forgings  (Reference  1),  which  had  almost  identical 
grain  flow  structure  as  the  roll-formed  gears,  showed  a  substantial  improve¬ 
ment  (20  to  1+0  percent)  in  fatigue  strength  over  the  conventional  process. 
The  small  difference  obtained  between  the  two  roll- forming  processes  them¬ 
selves  was  also  surprising  since  the  fatigue  strength  of  gears  formed  by  any 
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metal-displacing  method  was  expected  to  increase  with  the  amount  of  material 
displaced  during  forming.  This  small  difference  was  apparent  in  both  the 
single-tooth  and  dynamic  test  results.  The  gear  processes  tested  in  this 
program  had  varying  degrees  of  cold  working  and  metal  flow  as  indicated  by 
the  orientation  and  depth  of  the  grain  flow  pattern  which  remained  after 
final  grinding.  The  roll-formed  gears  had  a  considerable  amount  of  material 
displaced,  since  they  were  rolled  from  the  solid,  and  exhibited  a  good  grain 
flow  pattern  which  followed  the  contour  of  the  tooth  profile.  The  roll-gen¬ 
erated  gears  had  a  relatively  small  amount  of  metal  displaced,  since  the 
gears  were  prehobbed  before  rolling,  and  had  little  or  no  residual  grain 
flow.  The  roll-generated  teeth  were  similar  to  the  conventionally  forged 
gears  in  this  respect. 

Two  possible  explanations  are  offered  for  the  apparent  differences  between 
the  test  results  of  this  program  and  those  of  the  advanced  gear  forging  pro¬ 
gram.  First,  the  differences  could  be  purely  statistical  and  the  direct 
result  of  too  small  a  test  sampling  to  adequately  represent  the  total  popu¬ 
lation  of  roll-formed  gears.  If  the  sample  size  in  each  case  had  been 
larger,  no  doubt  a  truer  representation  of  the  relative  strengths  would  have 
resulted. 

Another  possibility  which  could  account  for  the  results  obtained  is  that 
there  may  exist  an  optimum  degree  of  cold  working  and  metal  displacement 
which  produces  maximum  benefits  in  terms  of  increased  fatigue  strengths.  If 
this  is  true,  working  the  metal  beyond  this  point  would  produce  results  sim¬ 
ilar  to  those  processes  where  the  metal  was  underworked  or  not  worked  at 
all.  This  suggests  that  perhaps  too  much  material  was  displaced  during  the 
roll-formed  process,  thus  weakening  the  gear,  and  too  little  during  the 
roll-generated  process,  producing  no  increase  in  strength  over  the  conven¬ 
tional  process.  More  testing  at  various  degrees  cf  cold  working  is  needed 
to  fully  validate  this  theory. 

Regarding  gear  testing  in  general,  it  is  the  author's  opinion  that  a  minimum 
of  20  test  points,  excluding  runouts,  is  necessary  to  adequately  define  the 
S-N  curve  relation.  It  is  recommended  that  to  get  the  most  useful  data  from 
this  limited  number  of  test  points ,  more  specimens  should  be  run  at  loads 
and  stresses  close  to  the  endurance  limit,  where  the  scatter  is  greatest, 
than  at  the  high-load  low-cycle  region,  where  the  test  points  are  more 
closely  spaced. 
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CONCLUSIONS 


1.  On  the  basis  of  both  single-tooth  and  dynamic  fatigue  tests  conducted  on 
a  limited  number  of  test  specimens,  the  roll- formed  gears  exhibited  fatigue 
strengths  at  10®  cycles  which  are  essentially  equal  to  the  fatigue  strength 
of  gears  produced  by  conventional  means. 

2.  The  results  obtained  for  the  roll-formed  process  are  different  from  what 
was  expected  based  on  the  results  obtained  for  the  advanced  gear  forgings 
(which  had  similar  grain  flow  structure)  tested  in  a  previous  program  (Ref¬ 
erence  1).  It  is  believed  that  this  result  is  due,  in  part,  to  the  small 
size  of  the  test  sample,  which  may  not  be  representative  of  the  total  popu¬ 
lation. 

3.  A  possibility  for  the  different  results,  which  should  be  explored  fur¬ 
ther,  is  that  there  is  a  degree  of  cold  working  which  could  produce  optimum 
results.  This  suggests  that  perhaps  too  much  metal  was  displaced  during  the 
roll- forming  process  and  too  little  during  the  roll-generating  process,  thus 
producing  results  which  were  similar  to  the  conventional  forging  process. 

it.  The  average  fatigue  strength  of  the  test  gears  when  run  under  dynamic 
conditions  at  9200rpm  is  80  percent  of  the  average  fatigue  strength  of  the 
gears  tested  in  the  nonrotating  or  single-tooth  test  phase. 

^  The  results  of  the  single-tooth  static  tests  revealed  the  static 
strength  of  roll-formed  teeth  to  be  690  pounds  greater  than  that  of  roll¬ 
generated  teeth. 
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